Homogenization by bead beating is a fast and efficient way to release DNA, RNA, proteins, and metabolites from budding yeast cells, which are notoriously hard to disrupt. Here we describe the use of a bead mill homogenizer for the extraction of proteins into buffers optimized to maintain the functions, interactions and post-translational modifications of proteins. Logarithmically growing cells expressing the protein of interest are grown in a liquid growth media of choice. The growth media may be supplemented with reagents to induce protein expression from inducible promoters (e.g. galactose), synchronize cell cycle stage (e.g. nocodazole), or inhibit proteasome function (e.g. MG132). Cells are then pelleted and resuspended in a suitable buffer containing protease and/or phosphatase inhibitors and are either processed immediately or frozen in liquid nitrogen for later use. Homogenization is accomplished by six cycles of 20 sec bead-beating (5.5 m/sec), each followed by one minute incubation on ice. The resulting homogenate is cleared by centrifugation and small particulates can be removed by filtration. The resulting cleared whole cell extract (WCE) is precipitated using 20% TCA for direct analysis of total proteins by SDS-PAGE followed by Western blotting. Extracts are also suitable for affinity purification of specific proteins, the detection of post-translational modifications, or the analysis of co-purifying proteins. As is the case for most protein purification protocols, some enzymes and proteins may require unique conditions or buffer compositions for their purification and others may be unstable or insoluble under the conditions stated. In the latter case, the protocol presented may provide a useful starting point to empirically determine the best bead-beating strategy for protein extraction and purification. We show the extraction and purification of an epitope-tagged SUMO E3 ligase, Siz1, a cell cycle regulated protein that becomes both sumoylated and phosphorylated, as well as a SUMO-targeted ubiquitin ligase subunit, Slx5.
Introduction
The awesome power of yeast genetics is legendary, but the preparation and analysis of native proteins from budding yeast, Saccharomyces cerevisiae, is often fraught with problems. The latter is due to the considerable mechanical strength and elasticity of the yeast cell wall 1 . Different means have been described for the enzymatic, chemical, mechanical, and pressure-based disruption of yeast cells to obtain whole-cell protein extract [2] [3] [4] [5] [6] . These techniques vary widely in their efficacy to yield cell-representative, native protein extracts that can be used for subsequent analyses or purification steps. For example, the yeast cell wall can be removed with lytic enzymes (e.g. zymolyase) and resulting spheroblasts can be disrupted by shearing, detergents, or osmotic lysis to release proteins. This approach has been successfully employed as the starting point for many subcellular fractionations but it requires lengthy incubations that are not compatible with the stability of some proteins 7 .
Proprietary yeast lysis reagents (such as detergents) for the chemical extraction of proteins of yeast cells are commercially available but the efficacy of these reagents in protein extraction and their effect on subsequent biochemical characterization of proteins is not always clear 8 .
High pressure homogenizers, often referred to as French presses, effectively break yeast cells by first subjecting them to high pressure and then extruding them through a small opening in a pressure cell. This technique produces high quality extracts but the equipment is very expensive and may not be suitable for small quantities of cells or multiple samples 9 . Therefore, mechanical disruption of yeast cells in a bead mill is often the method of choice for native yeast protein preparations 10 . This technique involves mechanical disruption of the yeast cell wall with acid-washed glass beads, which can be conducted with a variety of shakers, vortexers or bead mills. Notably, this method can be used to simultaneously process multiple smaller samples (1 ml of cells or less). Many different beads or bead mill disruption matrices are now commercially available to disrupt almost any kind of cell type in 2 ml tubes. Considering the other techniques and equipment, a bead mill has the added advantage that the disruption of yeast cells occurs very fast, which helps to preserve post-translational modifications such as sumoylation, especially when the appropriate buffers with protease and/or proteasome inhibitors are utilized and the temperature of extracts is controlled. 
Growth of Yeast Cells and Induction of Protein Expression

Representative Results
Our representative results reveal that the described bead-beating and protein extraction protocol is useful for the reproducible preparation of proteins for a variety of downstream applications (summarized in Table 2 ). SDS-PAGE followed by Coomassie staining of WCEs show that a wide range of proteins (~12 to >250 kDa) can be reproducibly extracted from yeast cells ( Figure 1A) . Discrete bands over a range of molecular weights are indicative of high quality protein extracts. The quality of extracts can be confirmed by western blotting for specific epitopetagged proteins. Shown is a representative result for the galactose-overexpressed, V5-tagged SUMO ligase Siz1 which migrates at Δ120kDa ( Figure 1B) . Generally, partially degraded proteins would run as multiple fragments below the expected weight, but here only full length protein is observed. Additionally, high molecular weight adducts of a given protein may indicate post-translational modifications. For example, we show galactose-overexpressed sumoylated Siz1Δ440 and full length Siz1 (Figure 1C and Fig 1D) . Modifications can also be preserved on endogenously expressed Siz1 (Figure 1E ).
We provide representative results that two nuclear enriched proteins, Slx5 and Siz1Δ440, were successfully purified from our WCEs (Figures  2A, 2B, and 2C) . Notably, we show that a 6xHIS-tagged protein (Figure 2A; Slx5) can be affinity purified from our WCEs both under native and denaturing conditions. In contrast, Slx5-GST ( Figure 2B ) and Siz1Δ440-HA ( Figure 2C ) lack a 6xHIS epitope but under native conditions still interact with the metal-affinity resin in an imidazole-sensitive manner. We propose that Siz1, and to a lesser extent Slx5, are able to bind the metal-affinity resin via their metal-coordinating RING domain. While, to our knowledge, this particular phenomenon has not yet been reported, a similar situation has been described in which cholera toxin B subunit binds Ni 2+ affinity resin in a manner mediated by its natural histidine residues 11 . Importantly, this observation suggests that proteins in the WCE are, at least in part, natively folded.
Especially for the study of protein function it is important to show that protein complexes remain intact in whole cell extracts. Our representative data reveal that Siz1Δ440, Slx5, and Pgk1 (a cytosolic protein that serves as a loading control) were present in WCEs. Siz1Δ440 was purified from these extracts based on its inherent ability to bind to metal affinity resins (compare Figure 2C) . When Slx5 and Siz1 were co-expressed in yeast cells, Slx5 levels in the eluates were increased, raising the possibility that Slx5 may interact with Siz1 (Figure 3) . Slx5-GST and Siz1Δ440-HA were expressed by themselves or in combination (+/-) in JD52 cells (strains YOKs 2353, 2402, 2224 respectively). Proteins were extracted as described (WCE) and lysates were nutated with TALON Metal Affinity resin (see Figure 2) . Proteins were eluted from the resin with 200 mM imidazole in elution buffer (Eluate) and prepared in LDS sample buffer. Proteins were separated by SDS-PAGE and after Western blotting were probed with an antibody to the HA tag or the GST tag as appropriate. Equal loading of proteins is confirmed with PGK as a loading control. Note that Slx5 purification is enhanced in the presence of Siz1Δ440. Click here to view larger image.
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Discussion
This protocol focuses on the preparation of intact, native, and post-translationally modified proteins from budding yeast cells for down-stream applications. Before attempting this protocol, it is critical to determine if the protein of interest can be readily detected in protein extracts prepared under denaturing conditions 12 . If polyclonal antibodies are not available it may be advantageous to epitope tag the protein of interest so that the fusion protein can be detected on Western blots. In the present protocol, we tagged SIZ1 with the HA, 6xHIS-V5, or myc epitope tags and this strategy allowed us to clearly identify the protein and its sumoylated forms on Western blots (Figure 1 ). We had less success detecting GFP-tagged proteins, possibly because high-affinity anti-GFP antibodies are hard to obtain (data not shown). Another critical issue concerns the expression level of the protein of interest. Levels of individual proteins vary widely in budding yeast cells 4 and some proteins have to be overexpressed so they can be detected and/or purified. Galactose-inducible vectors are available for the high-level expression of the yeast gene of interest 2 . In the case of Siz1, we were able to detect the full length or truncated protein when expressed from chromosomally-tagged ORFs or when expressed under control of the strong inducible galactose promotor from a plasmid (Figure 1) . The use of truncations may be useful in structure/function analyses or when the full length molecule is difficult to express or unstable. While galactose-induced overexpression enhances protein detection and purification, it has clear limitations when studying the physiological relevance of potential cell-cycle specific posttranslational modifications and interactions. For example, sumoylation of Siz1 is most prevalent at G2/M stage of the cell cycle, and modifications or interactions of the overexpressed protein may have to be confirmed by other experimental means. Finally, the addition of specific protease, phosphatase, and/or proteasome inhibitors is an important consideration for the success of this protocol. Generally, the best results are obtained by adding these inhibitors before cells are frozen and into extraction and dilution buffers. The addition of EDTA, a metal ion chelator sometimes present in protease inhibitor cocktails, is not advisable as it may interfere with subsequent metal affinity purifications.
Protein extracts obtained by bead-beating are well suited as starting material for the purification of individual proteins. Specifically, we show that overexpressed Slx5 carrying a 6xHIS affinity tag can be purified from WCEs using a metal affinity resin (Figure 2A) . To preserve posttranslational modifications and reduce protein degradation, 6xHIS-tagged proteins are often purified under denaturing conditions 5 . However, there are distinct advantages associated with the purification of proteins under native conditions. For example, these proteins may co-purify with binding partners or may be used in subsequent in vitro assays 13, 14 . In the case of Siz1 and Slx5 we serendipitously determined that both proteins exhibit intrinsic affinity for the metal affinity resin, independent of the 6xHIS tag, and this observation suggested to us that both proteins assumed native confirmations. Unfortunately, proper folding and biological activity of purified proteins has to be determined on a case to case basis. To this end, the placement of affinity and epitope tags at either the amino or carboxy terminus, may greatly affect the activity or stability of fusion protein and is an important consideration in planning a protein purification strategy.
Future work will focus on how to enhance post-translational modifications during purification, for example through the use of protease deficient yeast strains, different protease inhibitors, or other affinity tags. We predict that this protocol in its current or buffer-optimized form is applicable for the scalable extraction, purification and subsequent study of many budding yeast proteins.
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